size of the Cux1 mutant mice, Cux1 transgenic mice displayed multiorgan hyperplasia and organomegaly, raising the possibility that constitutive expression of Cux1 stimulated the proliferation of stem cells or the transient amplifying cells that derive from them (32) . Thus, from genetic studies with Drosophila and the mouse, the CDP/Cux/Cut gene plays an important role in the development and homeostasis of several tissues.
The full-length CDP/Cux protein, p200, contains four DNA binding domains: three Cut repeats (CR1, CR2, and CR3) and a Cut homeodomain (2, 3, 19, 20, 48) . Two DNA binding activities in cells have been characterized (19, 20, 44) . p200 CDP/Cux binds only transiently to DNA via CR1CR2 and carries the CCAAT displacement activity (44) . At the end of the G 1 phase of the cell cycle, proteolytic cleavage of p200 generates p110 CDP/Cux, which contains CR2CR3HD and exhibits distinct DNA binding specificity and kinetics (45) . In particular, p110 but not p200 was shown to activate a DNA polymerase ␣ gene reporter in transient-transfection assays and to stimulate expression of the endogenous DNA polymerase ␣ gene following the infection of cells with a high-titer retrovirus (45, 65) .
CDP/Cux was found to function in precursor cells of various lineages as a transcriptional repressor that down-modulates genes which later become expressed in terminally differentiated cells (34, 52, (61) (62) (63) . This function was ascribed to the ability of CDP/Cux to prevent the interaction of various transcriptional activators with their binding sites, probably via its "CCAAT displacement activity" (38, 44) . More recently, CDP/ Cux has been implicated as a downstream effector of transforming growth factor beta (TGF-␤) in the promotion of cell motility and invasion (42) . Expression of CDP/Cux was increased following the treatment of cells with TGF-␤, and CDPspecific small interfering RNA not only prevented the promigratory effects of TGF-␤ but also impaired the ability of tumor cells to form lung colonies in an experimental metastasis model in vivo (42) . In addition, a role for CDP/Cux specifically in the S phase of the cell cycle has been inferred from a number of reports. Histone nuclear factor D (HiNF-D), which was later found to include CDP/Cux as its DNA binding partner, was shown to be up-regulated in S phase in normal cells (22, 69, (71) (72) (73) . Up-regulation of CDP/Cux DNA binding at the G 1 /S transition was found to result from at least two posttranslational modifications: dephosphorylation of the Cut homeodomain by the Cdc25A phosphatase (11) and proteolytic cleavage of p200 CDP/Cux between CR1 and CR2 to generate N-terminally truncated p110 CDP/Cux (16, 45) . The protease responsible for proteolytic processing of CDP/Cux was shown to be a nuclear isoform of cathepsin L that is devoid of a signal peptide (16) . The processed isoform, p110, was found to participate in the transcriptional activation of the DNA polymerase ␣ gene and, at least in reporter assays, of a number of genes that are up-regulated in S phase, like the dihydrofolate reductase, carbamoyl-phosphate synthase/aspartate carbamoyl-transferase/dihydroorotase, B-Myb, and cyclin A genes (65) . The activity of the p110 isoform is confined primarily to the S phase of the cell cycle. Not only is p110 generated at the G 1 /S transition, but as cells progress into the G 2 phase, DNA binding is eventually down-modulated following phosphorylation by cyclin A/Cdk1 of serine 1237 in the region of the Cut homeodomain (58) . CDP/Cux was found also to interact with cyclin A/Cdk2 during S phase. In contrast to cyclin A/Cdk1, however, cyclin A/Cdk2 does not efficiently phosphorylate p110 CDP/Cux on serine 1237 and does not inhibit its DNA binding and transcriptional activities (59) .
In the present study, we have generated populations of NIH 3T3 fibroblastic cells and Kit225 T cells stably expressing p110 CDP/Cux, and we have isolated mouse embryo fibroblasts from Cutl1 ϩ/ϩ and Cutl1 z/z mutant mice. Using these cells, we have applied functional tests to investigate whether the processed isoform of CDP/Cux, p110, has an impact on cell cycle progression and cellular proliferation. Our study provides for the first time functional evidence that p110 CDP/Cux functions as a regulator of cell cycle progression that can accelerate entry into S phase.
MATERIALS AND METHODS
Cell culture. NIH 3T3, mouse embryonic fibroblasts (MEFs), 3T3s, and Hs578T cells were maintained in Dulbecco's modified minimum essential medium (DMEM) supplemented with penicillin-streptomycin, glutamine, and 10% fetal bovine serum (FBS) (Gibco) (5% FBS for Hs578T). Kit225 T lymphocytes were grown in RPMI 1640 (Wisent) containing 10% FBS, glutamine, penicillinstreptomycin, and 75 ng/ml of recombinant human interleukin 2 (IL-2) (PeproTech Canada, Inc.).
MEFs and 3T3 cells. Cutl1 mutant mice in the albino OF1 outbred strain were obtained from the laboratory of Meinrad Busslinger and were maintained in the OF1 genetic background (14) . Primary MEFs were prepared from 13.5-day-old embryos, and heads were used for genotyping. Limbs and internal organs were removed, and the body was minced and incubated for 10 min in trypsin. Cells were then washed once in complete medium and seeded in a 100-mm dish (passage 1). Two days later, the cells were trypsinized and seeded at 2 ϫ 10 6 cells/100-mm dish for another 48 h before experiments were performed. Immortalization was done following the 3T3 protocol, where the cells were trypsinized and seeded at the same density until immortalization was achieved (64) .
Retroviral infection and stable cell lines. Retroviruses were produced by tranfecting 293VSV cells with plasmids encoding CDP/Cux (Myc tagged at the N terminus and hemagglutinin (HA) tagged at the C terminus) inserted in the pREV/TRE plasmid (Clontech) or H-Ras V12 inserted in pBabe (a kind gift from Scott Lowe). The supernatant was applied on cells at an equivalent titer, along with 8 g/ml of polybrene (Roche), and plates were centrifuged at 300 ϫ g for 1 h. Stably infected cells were selected for 5 days in hygromycin (pREV/TRE) (Roche), and at least 500 resistant clones were pooled together for each population. Cell lines were infected with an empty vector or vectors expressing the following proteins: p110 CDP/Cux (amino acids (aa) 878 to 1505) for NIH 3T3, p110 CDP/Cux (aa 747 to 1505) for Kit225, p110 CDP/Cux/TAP tag (aa 612 to 1336-TAP tag) for Hs578T cells, and H-Ras V12 for Cutl1 3T3 cells. Proliferation curves. Cells were seeded at 5.5 ϫ 10 3 cells/cm 2 or 1.4 ϫ 10 4 cells/cm 2 for NIH 3T3 cells and MEFs, respectively. Each day, cells were trypsinized and counted on a hemocytometer. The medium was replaced every 3 days. Each time point was done in triplicate, and the averages Ϯ standard deviations were calculated. Population doubling time (t 2 ) was determined using the formula N (t) ϭ N (0) X e r t . The proliferation rate (r) was calculated between days 0 and 4.
Immunofluorescence. Cells were plated on glass coverslips and fixed in 3.7% paraformaldehyde. The cell membrane was solubilized in phosphate-buffered saline (PBS) containing 5% FBS and 0.5% Triton X-100. 5-Bromo-2Ј-deoxyuridine (BrdU) staining was done using a polyclonal sheep anti-BrdU polyclonal antibody (Biodesign International). For BrdU detection, the samples were incubated for 1 h in the solubilizing solution containing the anti-BrdU antibody and 0.5 mg/ml DNase. Secondary detection was done with an Alexa Fluor 488-conjugated donkey anti-sheep antibody (Molecular Probes). Visualization was done using a Retiga 1300 digital camera (QIMAGING) and a Zeiss AxioVert 135 microscope (Carl Zeiss Canada). Image analysis was carried out using Northern Eclipse version 6.0 (Empix Imaging).
EMSA. Electrophoretic mobility shift assays (EMSA) were performed with 1 g of nuclear extract from mammalian cells. The samples were incubated at room temperature for 5 min in a final volume of 30 l of 25 mM NaCl, 10 mM Tris, pH 7.5, 1 mM MgCl 2 , 5 mM EDTA, pH 8.0, 5% of glycerol, 1 mM of dithiothreitol, with 100 ng of poly(dIdC) and 30 g of bovine serum albumin as nonspecific competitors. End-labeled double-stranded oligonucleotides (5Ј-TCG AGACGATATCGATAAGCTTCTTTTC-3Ј) were added and further incubated for 15 min at room temperature. Samples were loaded on a 4% polyacrylamide gel (30:1) and separated by electrophoresis at 8 V/cm in Tris-glycine. Gels were dried and visualized by autoradiography. Fluorescence-activated cell sorting (FACS) analysis. Cells were trypsinized, fixed in 75% ethyl alcohol, and stored at Ϫ20°C until analysis. For analysis, 50 l of FBS was added to each sample. The cells were then centrifuged, washed in PBS, and resuspended in 300 l of PBS containing 200 g/ml of RNase (Sigma) and 5 g/ml of propidium iodide (Sigma). Samples were incubated for 15 min at 37°C and analyzed using a FACScan instrument (Becton Dickinson), using doublet discrimination to gate single cells. Cell cycle profiles were analyzed with FlowJo (Tree Star softwares). BrdU-labeled cells were fixed in 3.7% paraformaldehyde and incubated as described for immunofluorescence, except that a mouse monoclonal anti-BrdU antibody conjugated to Alexa 488 was used (Molecular Probes). Cells were then washed once and resuspended in a solution containing propidium iodide and RNase.
Western blot analysis. Nuclear extracts were prepared according to the procedure of Lee et al. (33) , except that nuclei were obtained by submitting cells to three freeze/thaw cycles in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol) (10) along with a protease inhibitor tablet (Roche). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with 8 g of nuclear extract, and after electrophoretic transfer to polyvinylidene difluoride, membranes were washed in Tris-buffered saline-0.1% Tween 20 (TBS 0.1%T) and blocked in TBS 0.1%T containing 5% milk. Membranes were probed with antibodies directed against HA (1:2,000, MMS-101R; Covance,), p21 Cip1 (1:1,000, anti-Waf1 Ab5; Calbiochem), cyclin A (1:700, Ab-5; Neomarkers), CDP/Cux (1:3,000, anti-1300; 1:2,000, anti-861) (45) , cyclin E (1:1,000, Ab-1; NeoMarkers), cyclin E2 (1:500; Epitomics), Cdk2 (1:700, Ab-4; NeoMarkers), actin (1:1,000, I-19; Santa Cruz Biotechnology), CBP p300 (1:2,000, C-20; Santa Cruz Biotechnology), Ras (1:2,000, C-20; Santa Cruz Biotechnology). Primary antibodies were incubated in TBS 0.1%T, and detection was done using a horseradish peroxidase-conjugated antirabbit or antimouse secondary antibody in TBS 0.1%T. Immunoreactive proteins were visualized by chemiluminescence with an ECL Western blotting detection kit (Amersham Pharmacia Biotech).
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Kinase assay. Two milligrams of total cell lysates were immunoprecipitated with anti-cyclin E1 (NeoMarkers Ab-1) or anti-cyclin E2 (NeoMarkers Ab-1) antibody using protein A-Sepharose beads. Kinase reactions were done using 1 g histone H1, [ 32 P]ATP in kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl 2 , 1 mM NaF, and 0.5 mM NaVO 4 ). Samples were resolved on a 12% SDS-PAGE gel and visualized by autoradiography.
Cell synchronization and centrifugal elutriation. For serum starvation experiments, cells were plated in 60-mm dishes in DMEM-10% FBS. The next day, the medium was replaced with serum-free DMEM and cells were incubated for 84 h. Cells were stimulated to enter the cell cycle with DMEM-10% FBS and harvested at the indicated time points. For Fig. 3B , BrdU was added at a final concentration of 100 M 8 h poststimulation in every plate, and the 0-h time point was pulsed for 2 h before fixation. Double thymidine block was done by incubating the cell in DMEM-10% FBS containing 2 mM thymidine overnight. Cells were then washed and incubated in fresh DMEM-10% FBS for 8 h. A second overnight incubation in 2 mM thymidine was done before washing and releasing the block in DMEM-10% FBS. Centrifugal elutriation was carried out using an Avanti J-20 centrifuge equipped with a JE 5.0 rotor and a standard chamber (Beckman Coulter) connected to a Pump Masterflex L/S pump (ColeParmer instrument company) (29) . All steps were performed at room temperature in PBS-1% FBS, and centrifugation was carried out at 2,460 rpm. Conditioned medium was kept at 37°C, and cells were trypsinized and counted on a hemocytometer. Cells (5 ϫ 10 7 ) were loaded into the chamber, and equilibration was done at a flow rate of 23 ml/min for 25 min. The flow rate was increased successively by 2 ml/min for each 100-ml fraction. Cells from fractions collected at flow rates of 65, 67, and 69 ml/min (the most highly enriched fractions for cells with a G 2 /M DNA content) were centrifuged at 800 ϫ g, counted, and plated in 60-mm dishes containing conditioned medium. Synchronization of Kit225 cells was done by rinsing the cells twice in PBS and culturing 5 ϫ 10 5 cells/ml without IL-2 for 48 h. Cells were then seeded at a density of 2 ϫ 10 5 cells/ml in IL-2-containing medium and collected at different time points. MEFs at passage 3 were rendered quiescent by seeding 3 ϫ 10 6 cells/100-mm dish, and 48 h later the medium was replaced with DMEM-0.1% FBS for an additional 72 h. MEFs were then trypsinized and seeded in DMEM-10% FBS at a density of 3.3 ϫ 10 4 cells/cm 2 to follow entry in S phase. Focus formation assays. 3T3 cells were infected with a pBabe or pBabe/HRas V12 , pLXSN or pLXSN/p200, and pRev or pRev/p110 retroviruses. Fortyeight hours later, cells were split 1:2 and left for focus formation in DMEM supplemented with 5% FBS or 10% FBS plus antibiotics (puromycin [1 g/ml]), for a total of 12 10-cm dishes per condition. Medium was changed every 3 to 4 days. Foci were fixed with buffered formalin phosphate (Fisher scientific) for 1 h and stained with Giemsa.
Tumor formation in vivo. Following infection, cells were selected for 5 days with puromycin and trypsinized once before injection. Tumor formation was measured periodically. Four-to five-week-old female nude mice (CD1 nu/nu; Charles River Breeding Laboratories) were subcutaneously injected with 10 4 3T3 cells.
RNA extraction, reverse transcriptase PCR (RT-PCR), and real-time PCR. RNA was extracted using TRIzol reagent (Invitrogen), and cDNA was prepared using the Superscript II RNase H-reverse transcriptase kit (Invitrogen) following the manufacturer's instructions. Real-time PCR was performed on a LightCycler instrument (Roche) using the FastStart DNA Master SYBR Green kit (Roche). The following primers were used: cyclin D1, 5Ј-TGCATGTTCGTGGCCTCT AA-3Ј and 5Ј-CAGTCCGGGTCACACTTGAT-3Ј; cyclin E1, 5Ј-CCAAAG TTGCACCAGTTTGC-3Ј and 5Ј-CTCTATGTCGCACCACTGAT-3Ј; cyclin E2, 5Ј-CCTCCATTGAAGTGGTTAAGAAAGC-3Ј and 5Ј-AGTGTTTTCCTG GTGGTTTTTCAGT-3Ј; cyclin A2, 5Ј-CACCATTCATGTGGATGAAGC-3Ј and 5Ј-TGCAGGGTCTCATTCTGTAG-3Ј; Cdc25A, 5Ј-TTCTCCAAGGGT TATCTCTT-3Ј and 5Ј-AAGAACTCCTTGTATCCCC-3Ј; DNA polymerase ␣, 5Ј-GGGGTAATGGAGTTTGAAGACGG-3Ј and 5Ј-GGAAGGAAGTAGAGT GTTCGCTC-3Ј; glyceraldehyde-3-phosphate dehydrogenase, 5Ј-ACCACAGTC CATGCCATCAC-3Ј and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј; p27 Kip1 , 5Ј-CCC GCCCGAGGAGGAAGATGTCAAAC-3Ј and 5Ј-CCCTTTTGTTTTGCGAAG AAGAATCT-3Ј; p21
Cip1
, 5Ј-CCGTGGACAGTGAGCAGTTG-3Ј and 5Ј-TGG GCACTTCAGGGTTTTCT-3Ј.
ChIP and ChAP. For each immunoprecipitation, 3 ϫ 10 8 cells were crosslinked in the presence of 1% formaldehyde for 10 min at room temperature and then quenched in 0.125 M glycine for 5 min at room temperature. Cells were washed twice in PBS and were scraped. The pelleted cells were resuspended in Lysis I buffer (50 mM HEPES-KOH, pH 8, 2 mM EDTA, 2 mM EGTA, 140 mM NaCl, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1 mM phenylmethylsulfonyl fluoride [PMSF] , protease inhibitors [Roche Molecular Biochemicals]) and incubated at 4°C for 10 min. Nuclei were isolated by centrifugation, washed once in Lysis II buffer (10 mM Tris-HCl, pH 8; 2 mM EDTA; 2 mM EGTA; 200 mM NaCl, 1 mM PMSF, protease inhibitors). Nuclei were then lysed in RIPA-M buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.5% DOC, 0.1% SDS, 1 mM PMSF, protease inhibitors) and sonicated on ice to obtain 250-to 800-bp-long DNA fragments. Cells debris was removed by centrifugation, and supernatants were precleared for 1 h with 25 l of protein A-agarose beads containing salmon sperm DNA (Upstate Biotechnology). After brief centrifugation, supernatant was removed and incubated with 2 g of the purified CDP/Cux antibody overnight at 4°C. The immune complex was collected the following day by incubating with the 25 l of protein A-agarose beads at 4°C for 1 h. Complexes were washed three times in low-salt buffer (20 mM Tris-HCl, pH 8, 2 mM EDTA, 2 mM EGTA, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate (DOC), 0.2% SDS), three times in high-salt buffer (20 mM Tris-HCl, pH 9, 2 mM EDTA, 2 mM EGTA, 500 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS), three times in LiCl buffer (50 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM EGTA, 0.5 M LiCl, 1% NP-40, 0.7% DOC,) and then washed once in Tris-EDTA. DNA was eluted in 100 l of 1% SDS, 10 mM Tris-HCl, pH 8, 10 mM EDTA at 65°C for 30 min. The eluates were incubated at 65°C overnight to reverse the cross-links. After proteinase K digestion, DNA was recovered by phenol-chloroform extraction and ethanol precipitation and then used in PCR. For chromatin affinity purification (ChAP), we used stably infected Hs578T cells expressing a recombinant CDP/Cux protein fused to a tandem affinity purification tag. Cross-linked cells (3 ϫ 10 8 ) were used for each purification. Cell pellets were lysed in RIPA-M buffer and sonicated on ice to obtain 250-to 800-bp-long DNA fragments. After centrifugation, the supernatant was used for tandem affinity purification as described previously (56a). Briefly, complexes containing DNA cross-linked to the CDP/Cux fusion protein were recovered on an immunoglobulin G (IgG) matrix. After tobacco etch virus protease digestion, the released protein-DNA complexes were purified by affinity on calmodulin beads in the presence of calcium and then eluted with EGTA. Eluates were incubated at 65°C overnight to reverse the cross-links. After proteinase K digestion, DNA was recovered by phenol-chloroform extraction and ethanol precipitation and then used in PCR. Immunoprecipitated DNA by chromatin immunoprecipitation (ChIP) or ChAP was subjected to quantitative PCR amplification. PCR was performed using human cyclin A2 promoter-specific primers (5Ј-GCAGGGCCG AGGAGGT-3Ј and 5Ј-GCGCTTTCATTGGTCCATTT-3Ј. To normalize samples by the amount of nonspecific DNA, we amplified a region of the human glucose-6-phosphate dehydrogenase gene (5Ј-GGATGATCCCAAATTCAT CG-3Ј and 5Ј-AGGTCAGTTCCTCCACCTTG-3Ј). PCR products were resolved on a 6% polyacrylamide gel.
RESULTS

Generation of NIH 3T3 cells overexpressing p110 CDP/Cux.
To study the effect of p110 CDP/Cux on cell cycle progression, we established a population of NIH 3T3 cells stably expressing a recombinant p110 protein from a retroviral vector. As a control, we generated a population of NIH 3T3 cells containing the empty retroviral vector. To limit the effect of endogenous regulatory sequences at the integration sites, populations of more than 500 clones were isolated. From indirect immunofluorescence analysis, ectopic p110 CDP/Cux was detected as a nuclear signal in 100% of cells in the NIH 3T3/p110 population (Fig. 1A) . The expression and DNA binding activity of recombinant p110 CDP/Cux were investigated in continuously proliferating cells and following serum starvation and restimulation. From Western blot analysis, elevated p110 CDP/Cux expression was detected at all time points and did not vary significantly (Fig. 1B, lanes 2 to 7) . In contrast, expression of endogenous p200 CDP/Cux did not change significantly in NIH 3T3/p110 cells (Fig. 1B, lanes 8 and 9 ). An electrophoretic mobility shift assay was performed using 1 g of nuclear extract and a probe containing the CDP/Cux consensus binding site, ATCGAT (Fig. 1C) . Note that DNA binding by endogenous proteins cannot be detected with this limited amount of nuclear extract, as shown by the absence of retarded complex in the control NIH 3T3/vector lane (Fig. 1C 1C, lanes 2 to 9) . This complex was supershifted in the presence of the anti-HA-tag antibody but not when an unrelated antibody was added to the reaction (Fig.  1C, lanes 3 and 4) . The retarded complex was clearly detected in samples from quiescent cells and from cells in early G 1 (Fig.  1C , lanes 5 and 6). This is in contrast with the situation with the endogenous p110 CDP/Cux that is not generated and does not display DNA binding activity until the G 1 /S transition (45) . We conclude that the expression and activity of the recombinant p110 CDP/Cux protein are not subject to the same cell cycledependent regulation as those of the endogenous protein. It is expressed and remains active in quiescent cells as well as early on after serum stimulation.
Stable expression of p110 CDP/Cux in NIH 3T3 stimulates proliferation. We next assessed whether p110 CDP/Cux overexpression would affect the proliferation rate of NIH 3T3 cells. To test this, cells from the two populations, NIH 3T3/p110 and NIH 3T3/vector, were plated at equal densities and their proliferation was assessed over a 5-day period. Cells expressing p110 not only exhibited a higher proliferation rate (with a doubling time [t 2 ] of 18 h for NIH/p110 cells versus 21.3 h for NIH/vector cells) but also reached a higher density at saturation ( Fig. 2A, left panel) . We noted, however, a reproducible decrease in the number of NIH 3T3/p110 cells between days 4 and 5 because a substantial number of cells started to detach from the plate. The high saturation density of NIH 3T3/p110 cells may result from a reduced sensitivity to contact inhibition. On day 4, NIH 3T3/p110 cells looked much more compact and refractile than NIH 3T3/vector cells ( Fig. 2A, right panel, bottom pictures) . We analyzed the cell cycle distribution of pro-FIG. 1. Characterization of NIH 3T3 fibroblasts overexpressing p110 CDP/Cux. A stable population of NIH 3T3 cells expressing p110 CDP/Cux was generated by infecting NIH 3T3 cells with a retroviral vector encoding a recombinant p110 CDP/Cux (aa 878 to 1505) with an HA tag at its carboxy terminus. As a control, NIH 3T3 cells were infected with an empty retroviral vector. Populations of more than 500 resistant colonies were pooled after 2 weeks under selection. A. Indirect immunofluorescence. Expression of recombinant p110 CDP/Cux-HA was detected using an anti-HA (␣-HA) antibody. B. Western blot analysis. Nuclear extracts were prepared from unsynchronized NIH 3T3/vector and NIH 3T3/p110 (lanes 1, 2, 8, 9) or NIH 3T3/p110 cells that were serum starved for 3 days and stimulated with 10% FBS for different periods of time (lanes 3 to 7). Extracts were separated by SDS-PAGE and the membrane probed with anti-HA (␣-HA), anti-CDP (␣-861), or anti-CBP (␣-p300) antibodies, as indicated. C. Electrophoretic mobility shift assay. EMSA was performed using the same nuclear extracts as in panel B. Where indicated, anti-HA antibody or a control anti-His (␣-His) antibody was added to the reaction. Fig. 2A ), the NIH 3T3/p110 population had twice as many cells actively synthesizing DNA as the control cells. Of note, this shift in cell cycle distribution was at the expense of the G 0 /G 1 phase, suggesting that overexpression of p110 CDP/Cux may shorten the time cells spend in G 1 while weakly affecting completion of mitosis. p110 CDP/Cux accelerates entry into S phase upon exit from quiescence. We next investigated cell cycle progression after synchronization in G 0 /G 1 . Cells were rendered quiescent by a 3-day incubation in serum-free medium and then stimulated to reenter the cell cycle with DMEM containing 10% FBS. Cells were collected at various time points and their DNA content measured by propidium iodide staining and FACS analysis. Two differences were noted between the cell populations. First, NIH 3T3/p110 cells were not as efficiently synchronized in G 0 /G 1 as the control NIH 3T3/vector cells. After 3 days in low-serum medium (0 h), 16% of NIH 3T3/p110 cells were still in S phase compared to 7% of NIH 3T3/vector cells ( Fig. 3A  and C) . In order to verify whether those cells were actively synthesizing DNA, we measured how serum starvation was affecting DNA replication by measuring BrdU incorporation during the starvation process (Fig. 3C) . The NIH 3T3/p110 population displays twice as many cells actively synthesizing DNA, suggesting that p110 CDP/Cux might alter the response of cells to the scarcity in growth factors. Secondly, NIH 3T3/ p110 cells consistently entered S phase earlier than control cells upon stimulation with 10% FBS. The fraction of NIH 3T3/p110 cells in G 0 /G 1 decreased faster and the fraction in S phase increased faster than for the control cells (Fig. 3A) . The first significant increase in the S-phase fraction was observed between 10 h and 12 h for NIH 3T3/p110 cells and between 12 h and 14 h for NIH 3T3/vector cells. Interestingly, many of the NIH 3T3/p110 cells appeared to complete the whole cell cycle in 20 h, whereas the NIH 3T3/vector cells were still reaching G 2 /M (Fig. 3A, note the increase in G 0 /G 1 between 18 h and 20 h).
As an alternative approach to monitor the onset of DNA synthesis following serum stimulation, BrdU was added to the medium 8 h poststimulation and cells were continuously labeled thereafter. The percentage of cells having incorporated BrdU at each time point was scored by indirect immunofluorescence (Fig. 3B) . Comparison of the results at the 10-h and 12-h time points shows that NIH 3T3/p110 cells started synthesizing DNA faster than control cells. The 50% labeling time was reached slightly after 14 h in the case of NIH 3T3/p110 cells and at 18 h for NIH 3T3/vector cells. We note that the differences between the two cell populations persisted at the later time points. Altogether, these results indicate that stable expression of p110 CDP/Cux accelerates entry into S phase following exit from quiescence.
To determine whether the effect of p110 CDP/Cux on cell cycle progression was limited to fibroblasts, we did a similar experiment using the IL-2-dependent human T-cell line, Kit225. Populations of cells stably carrying the empty vector or the p110 CDP/Cux vector were generated by retroviral infection (Fig. 4A) . Synchronization in G 0 /G 1 was achieved by incubation in IL-2-free medium for 48 h, after which cells were centrifuged and resuspended at a density of 2 ϫ 10 5 cells/ml in IL-2-containing RPMI. Similar to what we observed with NIH 3T3 cells, Kit225/p110 cells entered S phase faster upon exit from quiescence (Fig. 4B) . These findings indicate that the effects of p110 CDP/Cux on cell cycle progression are not limited to one cell type.
Cells fractionated by counterflow centrifugal elutriation traverse the G 1 phase faster upon ectopic expression of p110 CDPCux. The first cycle following exit from quiescence is different from the subsequent cycles in continuously proliferating cells. In particular, the G 1 phase is normally longer during the first cycle after an arrest in G 0 than during the subsequent cycles. Counterflow centrifugal elutriation has the advantage of separating cells based on their sizes and their densities in a short period of time (29) . It allows the isolation of fractions enriched for cells in the same phase of the cell cycle without the use of drugs. We used this method to obtain a fraction of cells enriched in the G 2 phase of the cell cycle. Cells were replated, and their progression through the cell cycle was monitored by FACS analysis. Cells from the two populations efficiently completed mitosis and moved into G 1 with similar kinetics (Fig. 5, 8 h and 9 h) . However, NIH 3T3/p110 cells entered the S and G 2 phases faster than control cells (Fig. 5 , S phase at 10 h and 11 h; G 2 phase at 16 h and 18 h). These results establish that in FIG. 3 . p110 CDP/Cux accelerates entry into S phase upon exit from quiescence. A. Serum starvation and restimulation. Cells were seeded at equal densities for 24 h in DMEM-10% FBS and synchronized by serum starvation and restimulation as described in Materials and Methods. Nuclei were stained with propidium iodide, and DNA content was determined by FACS analysis. Cell cycle profiles were analyzed using FlowJo. B. Induction of DNA synthesis after serum starvation and restimulation. Cells were seeded on glass coverslips and treated as for panel A. Eight hours after stimulation, BrdU (100 M) was added to the medium to continuously label the cells as they reach S phase. Coverslips were fixed in 3.7% paraformaldehyde at each time point and stained using an anti-BrdU antibody for indirect immunofluorescence. At least 450 cells for each time point were randomly chosen to score for BrdU incorporation, and the average of three independent experiments is represented Ϯ standard deviation. C. Effect of serum withdrawal on DNA synthesis. The cells were seeded at equal densities in triplicate for 24 h, and medium was replaced for DMEM-0.1% FBS on day 0. Cells were pulsed with 100 m BrdU for 1 h for each time point and analyzed by FACS to determine the percentage of BrdU-positive cells.
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continuously proliferating cells, ectopic expression of p110 CDP/Cux accelerates entry into S phase without compromising progression into G 2 phase. p110 CDP/Cux accelerates entry into the next S phase upon exit from a thymidine block. We wanted to verify whether ectopic expression of p110 CDP/Cux would affect progression through the last phases of the cell cycle progression following synchronization by another method. The double thymidine block method was used to obtain cells synchronized at the G 1 /S transition, and cell cycle progression was monitored upon removal of thymidine. We found that progression through S phase and G 2 /M was not altered in NIH 3T3/p110 cells, since they reached G 1 of the next cycle at the same time as control cells (Fig. 6, 1 h to 6 h) . However, NIH 3T3/p110 cells reached S phase of the following cycle before control cells (Fig. 6, 7 h  and 8 h.) . Thus, ectopic expression of p110 CDP/Cux accelerates passage through the G 1 phase following both serum starvation and a thymidine block, yet progression through the S and G 2 phases was not affected.
Lack of a functional CDP/Cux does not preclude proliferation but slows it down. Since ectopic expression of p110 CDP/ Cux stimulates proliferation and S-phase entry, we investigated whether the absence of functional CDP/Cux would affect cellular proliferation. To do so, we derived primary MEFs from Cutl1 ϩ/ϩ and Cutl1 z/z littermates. In the Cutl1 z/z mice, the Cutl1 locus expresses a CDP/Cux-LacZ fusion protein that includes the N-terminal region of Cux up to the start of the Cut repeat 3. Therefore, this protein remains in the cytoplasm (14) . In agreement with previous reports, disruption of the Cutl1 locus merely affected the cell cycle distribution of primary MEFs (Fig. 7A) (14, 39) . On the other hand, we found that Cutl1 z/z MEFs were slightly retarded in their proliferation compared to wild-type MEFs. Since this result contrasted with what was originally reported, we performed the experiment with four different litters for a total of seven wild-type and eight Cutl1 z/z embryos (Fig. 7B) . Although we observed differences between separate experiments in the overall rate of division and maximal density of cells at saturation, in all experiments the proliferation of Cutl1 z/z MEFs was reproducibly slower than that of wild-type MEFs (Fig. 7B) . We also tested the ability of Cutl1 z/z MEFs to enter S phase following exit from quiescence. Essentially, MEFs were made quiescent by cultivating them at high density in 0.1% FBS, and reentry into the cell cycle was induced by trypsinizing and seeding cells at lower density in 10% FBS. Using this protocol, we found that Cutl1 z/z MEFs did not reach S phase as fast as wild-type MEFs (Fig. 7C) . As another method to monitor cell cycle progression, cells were pulsed for 1 h with 100 M BrdU at different time points (Fig. 7D ). While no difference was detected at 10 h poststimulation, at 12 h we detected a difference of 6% in BrdU incorporation between Cutl1 ϩ/ϩ and Cutl1 z/z MEFs. Together, our results lead us to conclude that CDP/Cux is not essential for cell cycle progression but can accelerate the progression into S phase and stimulate cell proliferation. MEFs and two Cutl1 z/z MEFs independently using the 3T3 protocol and infected them with a retroviral vector encoding H-Ras V12 or the corresponding empty vector. We first performed a serum starvation and restimulation experiment as described in the legend to Fig. 3 . We noted that Cutl1 ϩ/ϩ 3T3s entered S phase faster than Cutl1 z/z cells (Fig. 8A, was able to compensate for the proliferation defect caused by the inactivation of the Cutl1 locus. We then measured the abilities of these cell lines to form foci on a monolayer. Two weeks postinfection, foci were readily noticeable in ras-transformed Cutl1 ϩ/ϩ 3T3s but not in ras-transformed Cutl1 z/z 3T3s (Fig. 8B ), despite comparable levels of H-Ras V12 as seen by Western blot analysis (Fig. 8C, compare lanes 2 and 3) . This phenomenon was observed for two 3T3 lines for each genotype immortalized independently (labeled A or B), and we observed comparable transformation efficiencies for the Cutl1 ϩ/ϩ lines (42% and 45%). No more foci appeared after a third week in culture, and cells started to detach during the third week (data not shown). We conclude that transformation of 3T3 cells by H-Ras V12 is impaired following CDP/Cux inactivation. We verified whether focus formation in Cutl1 z/z cells could be rescued by reintroducing p200, p110, or both (Fig. 8D) . Transformation efficiency was increased to 4%, 4.6%, and 12% by p110, p200, and p110 plus p200, respectively, compared to 43% in Cutl1 ϩ/ϩ cells (Fig. 8D) . These results indicate that p200 and p110 cooperate, albeit weakly, with H-Ras V12 in the focus formation assay and further suggest that p200 and p110 carry distinct, complementary functions. Lastly, we tested the ability of ras-transformed Cutl1 z/z and Cutl1 z/z 3T3 cells to form tumors when injected subcutaneously in nude mice. Cells (10 4 ) were injected in the flank of nude mice, and tumor growth was monitored for a month (Fig. 8F) . Tumors arising from Ras V12 -infected Cutl1 z/z cells were much smaller in size than those from Ras V12 -infected Cutl1 ϩ/ϩ cells, indicating that CDP/Cux contributes to tumor growth in this system. Altogether, results from H-Ras V12 -transformed Cutl1 ϩ/ϩ and Cutl1 z/z 3T3 cells indicate that CDP/Cux is required for optimal cell proliferation both in tissue culture and in the animal.
Distinct regulation of cyclins E2 and A2 by p110 CDP/Cux. We hypothesized that the effects of p110 CDP/Cux on cell cycle progression were mediated through the transcriptional regulation of some cell cycle regulators. We therefore examined the expression of a number of cell cycle regulators known to be involved in the transition between the G 1 and S phases of the cell cycle: cyclin D1, cyclins E1 and E2, and Cdc25A. In addition, we investigated the expression of previously identified putative targets of CDP/Cux that may impact on cell cycle progression: p21
Cip1 , p27 Kip1 , cyclin A2, and DNA polymerase ␣. First, we performed RT-PCR analysis using total RNA prepared from NIH 3T3/vector and NIH 3T3/p110 cells, either unsynchronized or rendered quiescent by serum starvation. Upon visualization on agarose gel, the expression of cyclin E2 was clearly increased in unsynchronized NIH 3T3/p110 cells, while DNA polymerase ␣ expression was slightly increased and p27
Kip1 slightly decreased (Fig. 9A, lanes 1 and 2) . On the FIG. 6 . Stable expression of p110 CDP/Cux accelerates entry into the next S phase upon exit from a thymidine block. Synchronization at the G 1 /S transition was done using the procedure of double thymidine block. Cells were then washed twice in PBS and supplemented with DMEM-10% FBS (t ϭ 0 h). Cells were collected at the indicated times, stained with propidium iodide, and analyzed by FACS.
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other hand, cyclin A2 expression was higher in quiescent NIH 3T3/p110 cells (Fig. 9A, lanes 3 and 4) . Since down-regulation of p27 Kip1 and up-regulation of cyclin A2 or E-type cyclins can all promote entry in S phase, their expression was measured by semiquantitative real-time PCR. Significant differences in the expression of cyclins E2 and A2 were observed in p110-expressing cells but in different situations. While cyclin E2 expression was increased 18-fold in unsynchronized cells, cyclin A2 expression was increased 2-fold in quiescent cells only (data not shown). Western blot analysis confirmed the distinct regulation of cyclin E2 and cyclin A2 downstream of p110 CDP/Cux. In unsynchronized cells, cyclin E2 levels were much higher in NIH 3T3/ p110 cells than NIH 3T3/vector cells, whereas cyclin A2, cyclin E1, or Cdk2 levels did not change appreciably (Fig. 9B) . In agreement with these results, cyclin E2-associated kinase activity towards histone H1 was higher in NIH 3T3/p110 cells, whereas cyclin E1-associated kinase activity was not significantly changed (Fig. 9B) . Following serum starvation and restimulation, we observed a significant increase in cyclin A2 protein expression in the p110 cells both at 0 h and at 4 h following serum addition (Fig. 9C,  compare lanes 1 and 2 with 8 and 9 ). In contrast, increased expression of cyclin E2 was observed at the 12-h, 14-h, and 16-h time points (Fig. 9C, compare lanes 5 to 7 with lanes 12 to 14) . Thus, the timing of cyclin E2 induction was not significantly ac- FIG. 7 . Inactivation of the Cutl1 locus affects the proliferation and the rate of entry in S phase of primary mouse embryonic fibroblasts. Mouse embryo fibroblasts were isolated from Cutl1 mutant mice and wild-type littermates. A. Cell cycle distribution of proliferating cells. Cells were seeded at equal densities, grown for 48 h, pulsed with 100 M BrdU for 1 h, and fixed in 3.7% paraformaldehyde. Cell cycle distribution was determined by FACS using an Alexa 488-conjugated anti-BrdU antibody and propidium iodide. The histogram represents the average Ϯ standard deviation of MEFs from three separate embryos for each genotype. B. Proliferation curves. MEFs from two different embryos for each genotype were seeded at 1.4 ϫ 10 4 cells/cm 2 in triplicate and counted every day on a hemocytometer. Each value represents the average for two MEFs Ϯ standard error. C. Serum starvation at high density and replating. MEFs from three embryos for each genotype were pooled together and seeded (3 ϫ 10 6 cells per 100-mm dish). Forty-eight hours later, the medium was replaced with DMEM-0.1% FBS, and cells were incubated for an additional 72 h. MEFs were trypsinized and seeded at a density of 3.3 ϫ 10 4 cells/cm 2 and collected for FACS analysis with propidium iodide. D. MEFs from a different litter than for Fig. 7C were serum starved for 3 days, trypsinized, and plated at a lower density. One hour before fixation, MEFs were pulsed with 100 M BrdU and analyzed by FACS. Values represent the average for two separate MEFs Ϯ standard deviation for each genotype.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ celerated in NIH 3T3/p110 cells, but its expression was more robust at these time points. Two additional approaches were used to verify whether expression of cyclins A2 and E2 was affected by the level of CDP/Cux. First, we compared mRNA expression in early-passage embryo fibroblasts from Cutl1 z/z and wild-type mice. While expression of cyclin E1 was not affected, that of cyclin A2 was reduced slightly and that of cyclin E2 was markedly . The immunoprecipitated DNA was used as a template in PCR using the indicated primers from the cyclin A2 gene promoter or from the glucose-6-phosphate dehydrogenase promoter (G6), as indicated. As a control, the PCRs were performed in parallel using total chromatin (lane 1). Shown below is a map of the cyclin A2 gene promoter indicating the positions of primers used for PCR. Recombinant p110 CDP/Cux binds to the cyclin A2 gene promoter in vivo (right panel). Binding of p110 CDP/Cux to the cyclin A2 promoter in vivo was verified by chromatin affinity purification. Hs578T cells were infected with a retrovirus expressing a recombinant CDP/Cux protein that contains amino acids 612 to 1328 tagged at its C terminus with the calmodulin binding domain and protein A. After 2 weeks under selection, a stable population was obtained by pooling more than 1,000 resistant colonies. Following cross-linking with formaldehyde, the chromatin was purified by tandem affinity purification (Tap tag) on IgG Sepharose beads and calmodulin beads, as described in Materials and Methods. The purified DNA was used as a template in PCR using the same primers as for ChIP. (Fig. 9D, compare lanes 1 and 2) . Second, continuously proliferating NIH 3T3 and Hs578T cells were infected with a retrovirus expressing p110 CDP/Cux or an empty cassette. While cyclin E1 expression was not affected by p110 CDP/Cux, cyclin E2 was robustly induced in both cell lines (Fig. 9E, lanes 1 and 2 and lanes 3 and 4) . Interestingly, cyclin A2 levels did not vary upon transient expression of p110 CDP/ Cux, a result that is reminiscent of the situation in unsynchronized cells from the stable NIH 3T3/p110 population ( Fig. 9A  and B) . Together, these results indicate that p110 CDP/Cux stimulates cyclin A2 expression in serum-starved cells and cyclin E2 expression in proliferating cells. Cyclin A2 is a direct target of CDP/Cux. Previous studies implicating cyclin A2 as a potential target of CDP/Cux were limited to reporter assays (65) . To verify whether CDP/Cux is present on the endogenous cyclin A2 promoter, we performed chromatin immunoprecipitation assays using cells from the Hs578T breast tumor cell line, which is known to express high levels of several CDP/Cux isoforms (17) . We found that immunoprecipitation with a anti-CDP antibody greatly enriched for a region of the cyclin A2 gene promoter (Fig. 9F, lane 3) . This result indicates that a CDP/Cux protein resides on the cyclin A2 gene promoter; however, whether the p110 CDP/Cux isoform is involved in the regulation of this gene could not be determined by this method, since our antibodies do not distinguish between the full-length and short CDP/Cux isoforms. To investigate whether p110 CDP/Cux could bind to the cyclin A2 promoter, we performed ChAP using a population of cells stably expressing a modified p110 CDP/Cux protein which was tagged at its C terminus with the calmodulin binding domain and protein A. Following cross-linking with formaldehyde, the chromatin was purified by tandem affinity purification (Tap tag) on IgG Sepharose beads and calmodulin beads. PCR amplification showed that the cyclin A2 gene promoter was greatly enriched in the chromatin obtained by affinity purification (Fig. 9F, lanes 2 and 4) . We conclude that p110 CDP/Cux can bind to the cyclin A2 gene promoter and that constitutive expression of p110 leads to the elevated expression of cyclin A2 in certain situations. In contrast, in the case of the cyclin E2 gene, we performed scanning ChIP using 11 primer pairs derived from the 5Ј flanking sequences, exon 1, intron 1, and 3Ј flanking sequences, but we did not obtain any evidence that CDP/Cux can bind to this gene. This result suggests either that cyclin E2 is not a direct target or that CDP/Cux binds to regulatory sequences that are located at a distance from the transcription start site.
DISCUSSION
Previous studies demonstrated that the expression and activity of CDP/Cux are regulated in a cell cycle-dependent manner and provided circumstantial evidence that CDP/Cux could play a role in cell cycle progression. The full-length CDP/Cux protein was shown to be proteolytically processed at the G 1 /S transition, and DNA binding by the processed isoform, p110, was found to peak in S phase as a result of dephosphorylation by the Cdc25A phosphatase (11, 16, 45) . DNA binding decreased later in the cell cycle following phosphorylation of serine 1237 by cyclin A/Cdk1 (58) . Moreover, a large body of evidence demonstrated that the HiNF-D complex, of which CDP/Cux is the primary DNA binding protein, is active in S phase (22, 69, (71) (72) (73) .
In the present study, we monitored cell cycle progression in cells stably expressing p110 CDP/Cux. Cells were synchronized either in G 0 /G 1 using serum starvation or at the G 1 /S transition using the double thymidine block. A third method, counterflow centrifugal elutriation, was used to separate continuously proliferating cells and obtain a fraction of cells enriched in G 2 /M. In each of the three approaches, cells traversed the G 1 phase faster than control cells (Fig. 3 to 6 ). Yet progression through the S and G 2 phases did not seem to be impaired. These results indicate that the accelerating effect of p110 CDP/ Cux on the cell cycle is not limited to the first cycle following exit from quiescence or release from a cell cycle block but can take place in continuously proliferating cells. Moreover, we observed that cellular proliferation was also accelerated in cells expressing p110 CDP/Cux. This is what would be expected if indeed the G 1 phase was shortened while the other phases of the cell cycle were not affected.
On the other hand, inactivation of the Cutl1 locus caused MEFs to be slightly delayed in their progression from quiescence to S phase and to proliferate more slowly in the presence of mitogens. Moreover, the proliferation defect resulting from the inactivation of Cutl1 persisted following immortalization by the 3T3 protocol and transformation with H-Ras V12 . These results are in contrast with those of two previous studies that did not report a proliferation deficit in MEFs obtained from Cutl1 knockout mice (14, 39) . We have considered the possibility that different results could be obtained depending on the serum used in the medium or the type of substratum on which cells are cultivated. Indeed, we observed variations in cellular proliferation between different batches of serum, but in all cases proliferation was slower in the Cutl1 z/z cells. We have noticed, however, that to observe reproducibly small differences in proliferation it was crucial to seed MEFs at exactly the same densities in the first and second passages prior to the actual experiment. Our interpretation of this observation is that the density at which MEF cells are cultivated has an impact on their proliferation capacity upon reseeding.
Constitutive (or transient) p110 CDP/Cux expression was not sufficient to induce cell cycle entry of quiescent cells in the absence of growth factors ( Fig. 3 and 4 ; also data not shown). This inability to induce S-phase entry in the absence of appropriate growth conditions is consistent with our findings that p110 CDP/Cux did not induce apoptosis in cells that were maintained in a low serum concentration (data not shown). Thus, our results indicate that p110 CDP/Cux cannot on its own drive cells into S phase, but it can accelerate cell cycle progression without apparent negative consequences for the cells. These properties clearly distinguish p110 CDP/Cux from some members of the E2F family and suggest that overexpression of CDP/Cux in various tumors and in particular of its short isoforms must provide cancer cells with a growth advantage (17, 46) . Indeed, transgenic mice expressing short CDP/Cux isoforms display increased susceptibility to various types of cancers (C. Cadieux, S. Fournier, A. C. Peterson, B. J. Bedell, and A. Nepveu, submitted).
Constitutive expression of p110 CDP/Cux in NIH 3T3 cells was found to alter the regulation of two cyclins but in different ways. While cyclin A2 was overexpressed in serum-starved cells only, cyclin E2 was overexpressed at those times when it is normally induced following serum restimulation and also in continuously proliferating cells. Increased expression of both cyclin A and cyclin E was reported to be sufficient to accelerate S-phase entry (1, 37, 50, (55) (56) (57) . The maintenance of cyclin A2 expression in the absence of growth factors probably did not contribute to the shortening of the G 1 phase upon reentry into the cell cycle but could provide an explanation for the fact that a higher percentage of NIH 3T3/p110 cells remained in S phase. On the other hand, the increased cyclin E2 expression and associated kinase activity in continuously proliferating cells and its increased induction following serum stimulation most likely contributed to the acceleration in S-phase entry. However, it is unlikely that the proliferation defect of Cutl1 Z/Z MEFs could be explained by a reduction in cyclin E2 expression, considering that normal MEF and 3T3 cells express very low levels of cyclin E2 and the knockout of cyclin E2 had no effect on the proliferation of MEFs (Fig. 9B and C) (23, 51) . Future studies will attempt to identify the full repertoire of CDP/Cux targets that can impact on cellular proliferation and cell cycle progression.
In contrast to cyclin E2, cyclin E1 expression was not affected by p110 CDP/Cux. Cyclins E1 and E2 display similar biochemical activities and expression patterns, in terms of both tissue specificity and timing of expression during cell cycle progression (15, 18, 31, 53 ). Yet there is a precedent for the distinct regulation of either gene, since the papillomavirus oncoprotein E6 was found to stimulate cyclin E2 expression but to repress cyclin E1 (74) . Our finding that p110 CDP/Cux specifically induces cyclin E2 expression further supports the notion that cyclins E1 and E2 are regulated by different combinations of transcription factors.
The fact that ectopic expression of p110 CDP/Cux accelerates S-phase entry indicates that p110 itself must be one of the limiting factors in the progression from G 1 to S. Yet gene inactivation of the Cutl1 locus demonstrated that CDP/Cux is not essential (14, 39, 60, 66) . How can we reconcile these biological properties in terms of mechanism of action? We propose that p110 CDP/Cux plays a role in the establishment of at least part of the S-phase-specific transcription program and that CDP/Cux does not act alone in the regulation of S-phase-specific genes but rather functions in combinatorial fashion with other transcription factors. This mode of action would be entirely consistent with known features of the HiNF-D complex, which resides on the promoter of histone genes during S phase (4, 5, 30, (68) (69) (70) (71) (72) . Moreover, this mechanism of action would explain why cells reach S phase faster in the presence of p110 CDP/Cux but are still able to proliferate in its absence, albeit more slowly. In cells where p110 CDP/Cux is expressed constitutively, the promoters of S-phase-specific genes would be occupied more rapidly by cooperating activators at the end of the G 1 phase. In contrast, in the absence of p110 CDP/Cux, the same promoters would be occupied later as the concentration of the other activators reaches a threshold concentration that enables them to interact with their lowaffinity binding sites.
The presence of four DNA binding domains within CDP/ Cux makes it a complex protein that has the potential to carry several independent functions. The two CDP/Cux DNA binding activities so far described appear to serve distinct, yet compatible, functions in dividing cells. In precursor cells of various lineages, the CCAAT displacement activity reportedly serves to downmodulate genes which later become expressed in terminally differentiated cells (34, 52, (61) (62) (63) . This activity involves the full-length p200 isoform. The partial rescue and the additive effects of p200 and p110 observed in the focus formation assay with H-ras V12 suggest that p200 also plays an active role in cell proliferation. An additional function of the protein is activated following a proteolytic processing event that generates the p110 isoform (16, 45) . This protein makes a stable interaction with DNA and is able to stimulate the expression of several genes whose products are required for DNA replication (45, 65) . At a cellular level, p110 accelerates entry into S phase and stimulates cell proliferation. Thus, overall CDP/Cux appears to fulfill several functions in proliferating cells: the p200 isoform prevents terminal differentiation and stimulates proliferation in a manner that remains to be defined, whereas the p110 isoform accelerates S-phase entry. Moreover, a recent study demonstrated that CDP/Cux is required for cell motility and invasion (42) . In a survey of human breast cancers, CDP/Cux expression was found to be significantly increased in high-grade carcinomas and was inversely correlated with survival. Microarray analysis also revealed that CUTL1 was one of the most up-regulated genes in malignant plasma cells from multiple myelomas (12) . The multiple roles of CDP/Cux in cell proliferation, motility, and invasion suggest that it may be involved in both tumor growth and tumor progression.
